Recoil-free spectroscopy of neutral Sr atoms in the Lamb-Dicke regime 
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We have demonstrated a recoil- free spectroscopy on the 1 So — 3 Pi transition of strontium atoms 
confined in a one-dimensional optical lattice. By investigating the wavelength and polarization 
dependence of the ac Stark shift acting on the 1 So and 3 P\{jnj — 0) states, we determined the 
magic wavelength where the Stark shifts for both states coincide. The Lamb-Dicke confinement 
provided by this Stark-free optical lattice enabled the measurement of the atomic spectrum free 
from Doppler as well as recoil shifts. 
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PACS numbers: 32.80.Pj, 32.30.Jc, 32.60.-H, 32.70.Jz 



Recent dramatic advances in optical metrology have 
made it possible to directly link two optical frequencies 
with an uncertainty below 10 -18 |l( and to coherently di- 
vide an optical frequency down to a radio frequency de- 
fined by the SI second Q. Owing to these techniques, a 
stringent comparison of the stability and accuracy among 
optical clocks becomes feasible 3] and leads to an im- 
proved definition of time and a test of the time variation 
of a fundamental constant 0. Up to now, two sorts of 
absorbers, single ions in the Lamb-Dicke regime (LDR) 
and neutral atoms in free space, have been exten- 
sively studied for optical clocks. Tightly confined single 
ions, enabling a long interaction time and the Doppler- as 
well as the recoil-free absorptionkj , have, so far, led to 
the narrowest optical spectrum However, the stabil- 
ity was severely limited by the quantum projection noise 
(QPN) |8| of the single absorber. The ensemble of neu- 
tral atoms, in contrast, provides a far better QPN limit. 
The accuracy of the measurement is known to be affected 
by the atomic motion, as residual Doppler shifts are in- 
troduced through the imperfect wave front of the probe 
beam UGH. 



These two approaches could merge if an ensemble of 
neutral atoms were separately prepared in the LDR. An 
optical lattice made by the interference pattern of a light 
field confines atoms in a small volume, which satisfies 
the Lamb-Dicke condition However, an impediment 
for the precision measurement is the complete control 
over the perturbations caused by this container, since the 
Stark shift potential strongly depends on the electronic 
state, which is not the case for ion-trapping potential. 



The transition frequency between the states, \g) and 
:), subjected to the ac Stark shift of the trap laser with 



an electric field of E{ujl, e), can be written as, 

^obs = (We — W g ) 

- Aa(u; L ,i)\E(LJ L ,i)\ 2 /4h+ 0(E 4 ). (1) 

Here, ui e — u/ g (= ojq) is the unperturbed atomic resonance 
frequency, and 

Aa{uj L , e) = a e {uj l ,e)-a g {u> L , e) 

denotes the differential dipole-polarizability. If the po- 
larizabilities a e and a g coincide at a specific trapping 
laser frequency lut, and polarization e, the second term 
of Eq. (1) vanishes. Therefore, the unperturbed atomic 
transition frequency, independent of the trapping laser 
intensity of II oc \E\ 2 , can be observed |l2|, LL3|- This 
Stark shift cancellation technique was first demonstrated 
by an improved atom loa ding into an optical trap for ul- 
tracold strontium atoms |12J. Similar ideas of tailoring 
ac Stark shift potentials have been employed in the Ra- 
man sideband cooling 01 an d fine spectroscopy of 
alkali atoms in the lower-lying hyperfine states. 

In this Letter, we report the recoil-free spectroscopy 
of strontium atoms confined in a one-dimensional opti- 
cal lattice by applying the technique to the (5s 2 ) 1 So — 
(5s5p) 3 Pi "clock" transition. By investigating the wave- 
length as well as the polarization dependence of the dif- 
ferential dipole-polarizability, we have determined the 
magic wavelength, where the Stark shift on the clock 
transition vanishes, i.e., Aa = 0. 

In order to discuss the polarization dependence of the 
Stark shift and the influence of Raman coherences be- 
tween the m, to' magnetic sublevels of the \a) state, we 
introduced the light-shift Hamiltonian of V m i m . We as- 
sumed electric-dipole couplings to electronic states of \b) 
by a far-detuned radiation with intensity II , 



v„. 
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The first term of Eq. denotes the Zeeman energy in 
the magnetic field of B, and the second term denotes the 
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FIG. 1: (a) Level diagram and optical coupling related to the 
clock transition of 1 5o — 3 Pi- The 1 So state is dominantly cou- 
pled to 1 Pi, while the 3 Pi state is coupled to the upper triplet 
states of 3 S, 3 P e , and 3 D. The latter couplings strongly de- 
pend on the polarization of the laser field, as depicted by the 
thickness of arrows, (b) Schematic diagram of the ID optical 
lattice. A bias magnetic field Bo was applied parallel to the 
probe electric field E p with a wave vector k p parallel to that 
of the lattice beam ±fc_L. 6 represents an angle between Bo 
and the electric field E of the lattice. The probe laser was in- 
troduced parallel to ±/cl, along which the spatial modulation 
of the ac Stark shift confines atoms in the LDR, as depicted 
in (a). 



light shifts, where jba and u>b a are the natural linewidth 
and the transition frequency for the |6) — * \a) transi- 
tion, respectively. The summation was carried out over 
the excited states, as described in our previous work |12| . 
A(6, e) denotes the coupling matrix element with the nor- 
malized dipole moment of d;, a ^(| . 

A m / m (6, e) = y^(m'|e • d fca |m b )(m h |e* • djjm), 

in which the summation runs over the magnetic sublevels 
of mb in the \b) state accessed by the light polarization 
of e. For the a = 1 5o state, A(6, e) does not show any 
polarization dependence because of the isotropy of the 
state. However, for the upper state of the "clock transi- 
tion" a = 3 Pi(mj = 0), the coupling strength of A(b, e) 
strongly depends on the light polarization. This is illus- 
trated in Fig. 1(a) by the thickness of the arrows: taking 
the 3 Si state as the \b) state, this state is not coupled 
by the it polarized light but by the er* polarized light. 
In this way, the Stark shift for the 3 P\ state is critically 
affected by the applied light polarization. 

Our experimental setup and the procedure to form an 
optical lattice have been described elsewhere ^3 113 
A few /xK cold strontium atoms were magneto-optically 
cooled and trapped on the narrow So — 3 Pi transition 
[l9|. During the final cooling and trapping period of 30 
ms, the atoms were loaded into a one-dimensional op- 
tical lattice. A frequency-stabilized Ti-Sapphire laser 
(Coherent, MBR-110) was coupled into a polarization- 
maintaining optical fiber and focused into the atom cloud 



by an objective lens. A quarter-wave and a half-wave 
plate were used to compensate the birefringence of the 
optical fiber and obtain a linearly polarized light with an 
arbitrary angle, as shown in Fig. 1(b). This trap beam, 
with a typical power of 500 mW, was then retro-reflected 
by a concave mirror with a radius of 25 cm to form a 
standing wave, where the 1/e radius of the beam waist 
was « 23 /jm at Ax — 830 ran. 

With these parameters, the axial confinement fre- 
quency in the So state was measured to be = 
90 kHz by observing the first heating sideband, as dis- 
cussed later. This vibrational frequency suggested a 
peak laser intensity of / poa k ~ 47 kW/cm 2 , a depth of 
U = k-Q x 30 /iK or h x 610 kHz, and a radial trap fre- 
quency of v r = 460 Hz, respectively. Figure 1(b) shows a 
configuration for the spectroscopy. The confined atoms 
were excited by a probe laser with a wave vector of k p , 
which was introduced through the dichroic concave mir- 
ror and superimposed on the lattice beam with ±fc^. The 
axial confinement of vg gave the Lamb-Dicke parameter 
of r) = ^/h/2Mv s /\ clk = 0.24, where M is the atomic 
mass and Aclk = 689 nm, the wavelength of the 1 So— 3 Pi 
clock transition. A bias magnetic field of \Bq\ = 0.5 G 
was applied parallel to the probe electric field of E p to 
define the quantization axis, which split the m = ±1 
sublevels of the 3 Pi state by ±fi\B \/h w ±1 MHz. The 
direction of the electric field E of the lattice laser was 
defined by an angle 9 with respect to the quantization 
axis defined by Bo- 

Figure 2(a) shows laser-induced fluorescence spectra 
for different electric field rotations with 9 w 7r/4 (A) and 
9 w 7r/2 (B) at = 830 nm. The probe intensity was 
Ip ~ 3/o with Io = 3 /iW/cm 2 , the saturation intensity of 
the clock transition. The main peaks correspond to the 
| 5o, Tic) — > \ 3 Pi,n v ) transition, where n v (= 0, 1,2---) 
represent the vibrational state of atoms in the Stark 
shift potential. The frequency difference of the axial- 
confincmcnt 8v = vp — v$ for the 3 Pi and 1 Sq states 
caused a vibrational-state-dependent frequency shift of 
n v Sv. The spectrum (B) suffered an inhomogeneous 
broadening because of the measured thermal distribution 
of (n) 3.7. In contrast, a simple picture of sideband 
cooling can be applied for the case of A, where the vibra- 
tional frequency was nearly degenerate. A small peak at 
100 kHz corresponded to the excitation of the An„ = +1 
heating sideband, while the An v = — 1 excitation (cool- 
ing sideband) was not visible as the atoms were quickly 
sideband-cooled to the vibrational ground state |2f| . 

The change of the resonance frequency is summarized 
in Fig. 2(b) as a function of the lattice laser polarization 
of 9. Since the 1 Sq state has no polarization dependence, 
the frequency change is attributed to the ac Stark shift 
of the 3 P 1 (m J = 0) state. The solid curve in Fig. 2(b) 
shows the differential Stark shift obtained from Eq. J5J), 
and the dashed lines, the corresponding Stark shifts for 
the An v — vibrational transitions with n v = 0,1,2. 
The vertical spread of the curves explains the broaden- 
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FIG. 2: (a) Fluorescence spectra of Sr atoms confined in 
a ID optical lattice for different polarization rotation 9 at 
Xl = 830 nm. At 9 ~ n/4 (A), the narrower spectrum was 
observed as the Stark shifts on the clock transition nearly can- 
celed out, whereas non-zero differential Stark shift introduced 
a frequency shift and broadening for 9 ~ n/2 (B). (b) The 
change of the Stark shift as the rotation 9 of the lattice elec- 
tric field. Since the light shift of the s Pi(mj = 0) depends on 
the lattice laser polarization, the frequency varies sinusoidally 
depending on the components of ir and the a + + a~ intensity. 
The dashed lines show the differential Stark shifts for atoms 
in the n v — 0, 1, 2 vibrational states, see text. 

ing of the spectrum, as discussed previously. The ob- 
served frequency shift should be smaller than the n v — 
differential Stark shift because of the thermal distribu- 
tion of typically (n) « 3.7. Since the applied Zeeman 
shift of rs 1 MHz was strong enough to suppress the Ra- 
man coherence among Zeeman sublevels, the polarization 
dependence mainly accounted for the intensity of the 7r 
polarized light (8 — 0) and the linear combination of 
<7 + + <t~ (8 = it/2), resulting in a sinusoidal change. As 
the deviation from the theoretical curve was within 5 %, 
in the following analysis to determine the light shifts for 
8 = and 8 = tt/2, we approximated the fitting curve by 
a sinusoidal function. 

Figure 3 shows the Stark shifts for the 8 = and tt/2 in 
the range of Xl = 810—930 nm, where the Stark shift was 
normalized with the laser intensity of I c h as 47 kW/cm 2 . 
We note that, in the wavelength range of Xl = (690) — 
915 nm, in which the Stark shifts for the 8 = and tt/2 
have an opposite sign, the differential polarizability Aa 
may vanish for a specific light polarization angle of 8, as 
demonstrated in Fig. 2(a). The observed efficient loading 
of atoms from the ma gneto-op tical trap into the optical 
trap at Xl ~ 800 nm [l^, E3 can be attributed to this 
angle-tuning mechanism. 

In order to accurately determine the unperturbed 
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FIG. 3: Differential Stark shift for the 1 S - 3 A(m = 0) 
transition. The shift depends on the trap laser wavelength 
Xl, the polarization rotation 9, and the vibrational state n v , 
indicated by dashed lines. The inset shows the intensity de- 
pendence of the shifts measured for 9 = tt/2 around the magic 
wavelength of Xl = 915 nm. By linearly extrapolating to zero 
laser power, the atomic resonance frequency was obtained. 



atomic resonance frequency ujq free from the Stark shifts, 
we measured the power dependence of the transition fre- 
quencies at several Xl for 8 = tt/2, as shown in the inset 
of Fig. 3. By linearly extrapolating II — > 0, the measure- 
ments at different wavelengths converged within 1 kHz, 
which was limited by the center frequency reproducibility 
of our laser system [2l| • We took this value as a reference 
for the atomic resonance frequency and determined the 
magic wavelength for 9 = tt/2 to be Xl = 914 ± 1 nm. 
The inset also indicated that a higher-order Stark shift 
due to hyperpolarizability did not make a significant con- 
tribution in this intensity range, thus justifying the nor- 
malization of the Stark shifts by the trap laser intensity. 

We used this magic wavelength to determine the uncer- 
tain transition moments in the calculation of the Stark 
shifts. Among the transition strengths listed in Ref. [22j| . 
the (5s6s) 3 5 — > (5s5p) 3 P transition rate showed a rather 
large discrepancy of more than 30 %. Therefore, we 
took this rate as a fitting parameter to locate the magic 
wavelength at 914 nm. The estimated transition rate of 
A = 8.5 x 10 7 /s was within the reported values in the 
range of 6.7— 9.2 x 10 7 /s |22|. Using the value, we calcu- 
lated the differential Stark shifts shown by the solid lines 
in Fig. 3. The difference between the data points and 
theoretical curve is attributed to 1) the imperfect lattice 
laser polarization, as indicated by error bars in the figure, 
2) the uncertainty in determining the center frequency of 
the spectrum due to the vibrational state spread, as in- 
dicated by dashed lines, and 3) the day-to-day change of 
the beam overlap of the lattice standing wave and resul- 
tant intensity fluctuation. We note, however, the deter- 
mination of the magic point was rather accurate, since 
the point is independent of the laser intensity fluctuation 
and occupied vibrational states of confined atoms. 

Figure 4 demonstrates a recoil-free spectrum for 8 = 
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FIG. 4: Laser-induced fluorescence of atoms confined in a ID 
optical lattice (a) and in a free space (b). The dashed line 
shows a Gaussian fit to the data points (b) . The confinement 
suppressed the Doppler width of 83 kHz and gave a narrow 
Lorentzian linewidth of 11 kHz, which was limited by the sat- 
uration broadening. A slight blue shift of the center frequency 
in (b) is caused by the photon recoil shift; see text. 

7r/2 at Xl — 915 nm, in which the Stark-free condition 
is nearly satisfied. The atom number was decreased to 
~ 10 4 , or ~ 10 atoms in each lattice site, to moderate 
the attenuation of the probe beam and the collision shifts. 
We interrogated the atoms for t p = 2 ms in each measure- 
ment and averaged 32 scans. The measured linewidth of 
11 kHz (FWHM) was in agreement with the saturation 
broadened linewidth for the applied probe intensity of 
Ip w Jo- 
in order to demonstrate the modification of the atomic 



spectrum by the LDR, we measured the laser-induced 
fluorescence of free atoms. Figure 4(b) shows the fluores- 
cence for a probe duration of t p = 1.0 ms, applied at 1 ms 
after turning off the optical lattice. The Doppler width 
of 83 kHz (FWHM) suggested the atom temperature of 
6 fiK in the lattice. The slight blue shift of Sf — 9 kHz 
was attributed to the photon recoil shift as well as the 
recoil heating of atoms, since more than a single photon 
was scattered during the probe period of t p . By reducing 
the duration t p and extrapolating r p — > 0, we obtained 
Sf(r p — > 0) = 5.2±0.6 kHz, in agreement with the recoil 
shift of /i/(2MA£ LK ) = 4.8 kHz. 

In summary, we have demonstrated the recoil-free 
spectroscopy of neutral 88 Sr atoms confined in the Lamb- 
Dicke regime provided by a ID optical lattice. By adjust- 
ing the Stark shifts for the probed upper and lower states, 
we canceled out the perturbation of the lattice potential 
on the atom spectrum, thus realizing a system similar 
to ion-trapping experiments |(J. The application of this 
scheme to a frequency standard is promising because si- 
multaneous preparation of N neutral atoms in a 3D op- 
tical lattice improves the quantum projection noise by a 
factor of y/N compared to the single-ion-based standard 
0- The frequency accuracy of the present scheme may 
finally be limited by the purity of the lattice-laser polar- 
ization. The use of the 1 Sq — 3 Pq transition of 87 Sr dra- 
matically reduces the polarization dependence |l3l | , which 
may provide an alternative for the optical-frequency stan- 
dard. 
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